Haemophilus influenzae adhesin (Hia) belongs to the trimeric autotransporter family, and it mediates the adherence of these bacteria to the epithelial cells of host organisms. Hia is composed of the passenger domain, which is a virulence factor, and the translocator domain, which anchors the passenger domain into the outer membrane. The Hia transmembrane domain forms a transmembrane β-barrel of 12 β-strands, four of which are provided from each subunit. The β-barrel has a pore that is traversed by three α-helices, one of which is provided from each subunit. This domain has a unique arginine arrangement inside the β-barrel. The side chains of the arginine residues protrude from the β-strands of three subunits toward the center of the barrel and are close to each other. Mutation of this arginine residue revealed the importance of the electrostatic repulsion between the three arginines. Electrostatic repulsion is considered to prevent misfolding and/or misassembly. The arginine clusters at the interface were found in several proteins and might generally play an important role in the assembly of the oligomer.
Introduction
Trimeric autotransporter adhesins (TAAs), also known as type Vc secretion system proteins, are outer membrane proteins (OMPs) of Gram-negative bacteria, and they mediate the adhesion to host cells. TAAs are composed of two functional domains: a passenger domain and a transmembrane domain; the latter is also referred to as a β-barrel domain (Grijpstra et al. 2013) . The passenger domain has a modular and repetitive architecture including a binding domain for adhesion to host cells, and it is anchored to the outer membrane by the transmembrane domain (Fan et al. 2016; Szczesny and Lupas 2008) . The transmembrane domain embedded into the outer membrane is important for translocation of the passenger domain (Mikula et al. 2012) . Only two transmembrane domain structures have been solved: Haemophilus influenzae adhesin (Hia) and Yersinia enterocolitica adhesin A (YadA) were characterized based on X-ray crystallography and solid-state NMR spectroscopic analysis, respectively (Meng et al. 2006; Shahid et al. 2012) . The structures are formed from a 12-stranded transmembrane β-barrel in which four strands are provided by each subunit (Fig. 1a) . The β-barrel has a pore that is traversed by three α-helices, one provided by each of the three subunits.
In general, OMPs are synthesized in the cytosol with an Nterminal signal sequence which directs the export across the inner membrane via the Sec system ( Fig. 1c) . After transport across the inner membrane, the signal sequence is cleaved. Translocated OMP in the periplasm is thought to be inserted into the outer membrane by a β-barrel assembly machinery (BAM) complex. The BAM complex is composed of an essential OMP, BamA, and four lipoproteins, BamB, BamC, BamD, and BamE. BamA consists of a 16-strand transmembrane β-barrel and five periplasmic polypeptide transport-associated (POTRA) domains (Noinaj et al. 2013; O'Neil et al. 2015) , and two models have been proposed for OMP insertion into the outer membrane by the BAM complex (Noinaj et al. 2017) . One model postulates that the OMPs fold spontaneously into the outer membrane if the membrane is locally perturbed. BamA can perturb the outer membrane by reducing the hydrophobic thickness of the barrel near β-strand 16 and traffic OMPs in close proximity to the disordered membrane (Noinaj et al. 2013 (Noinaj et al. , 2017 . In the second model, the target OMP forms β-strands between the first (β1) and last (β16) strands of BamA in a stepwise manner, and the β-barrel of the target OMP is released into the outer membrane after the BamA-OMP hybrid β-barrel is formed (Noinaj et al. 2014) . With regard to TAAs, the β-barrel segments are thought to assemble into a trimeric structure in the periplasm (Chauhan et al. 2019; Sikdar et al. 2017) , and its passenger domain might retain the unfolded form either through the action of chaperones or/and because of their low intrinsic folding propensity . Although the membrane insertion mechanism of TAAs remains to be clarified, the TAAs might be inserted as described by the first model if the β-barrels of the TAA assemble into a trimer structure before insertion into the outer membrane by the BAM complex.
Haemophilus influenzae adhesin
Hia is a TAA from non-typable Haemophilus influenzae, and it mediates adherence to respiratory epithelial cells. Hia is composed of a passenger domain and a translocator domain as found for other trimeric autotransporters. Hia was analyzed by domain annotation of TAAs (daTAA), and the passenger domain was found to consist of five domain types, some of which repeat several times along the sequence (Meng et al. 2008) . The crystal structures of Hia passenger domains corresponding to residues 51-166, 307-422, and 549-706 were solved (Meng et al. 2008; Yeo et al. 2004 ). Hia residues 51-166 and 549-706 are homologous and correspond to the binding domains (HiaBD2 and HiaBD1) (Yeo et al. 2004) . These domains interact with the same host cell receptor, which is not identified, but their affinity to the receptor differs. HiaBD1, located in the center of the passenger domain, has higher affinity than HiaBD2, located in the C-terminal of the passenger domain.
The crystal structures of the Hia transmembrane domains corresponding to residues 992-1098, 1022-1098, and 973-1098 were solved and shown to be a 12-stranded β-barrel composed of three subunits (Meng et al. 2006 (Meng et al. , 2008 . The Hia region containing residues 1022-1098 is known as the minimal transmembrane unit (Surana et al. 2004 ), which we refer to as mHiaTD, and Hia residues 998-1098, which we refer to as HiaTD, contain a part of the passenger domain and has longer α-helices than mHiaTD (Fig. 1a) .
Assembly of the Hia transmembrane domain
The mHiaTD/HiaTD native trimer is known to be stable, and it retains the trimeric form under SDS-PAGE conditions (Meng et al. 2006) . The mHiaTD/HiaTD trimer dissociates (Surana et al. 2004) . The residue 1022 is colored in blue. b View of the inside of the barrel, from the periplasmic side. The three Arg1077 residues are shown in stick model. The α-helices and loops from inside the barrel were removed to allow observation of the Arg1077 side chain. c Biogenesis of OMPs in Gram-negative bacteria. OMPs are synthesized in the cytosol with an N-terminal signal sequence which directs the export across the inner membrane via the Sec system. After transport across the inner membrane, the signal sequence is cleaved. Periplasmic chaperones bind the OMPs and deliver them to the BAM complex. The BAM complex folds and inserts the OMPs into the outer membrane to the monomeric form upon treatment with formic acid (Surana et al. 2004) . After removal of formic acid, when the dissociated proteins were dissolved in 8 M urea, the native trimer could be reassembled by diluting the urea with buffer containing detergent (Aoki et al. 2017) . The assembly of mHiaTD in 50 mM Tris-HCl (pH 8.0), 100 mM NaCl, and 0.6% (v/v) C 8 E 4 was shown by SDS-PAGE analysis to be cooperative ( Fig. 2) (Aoki et al. 2017 ). The time course was fitted by the third-order reaction model in which three unfolded monomers simultaneously assembled into the folded trimer, and the fitting curve agreed well with the experimental data. The time course of an assembly reaction based on circular dichroism (CD) changes could also be fitted to the same model (Fig. 2c, d ). The rate constants of assembly and folding estimated by SDS-PAGE and CD analyses were similar, and they are also consistent with the rate constant obtained by fluorescence spectroscopy (Table 1) . Therefore, assembly and folding of mHiaTD are considered to occur simultaneously. Furthermore, it was found that the assembly is faster at fivefold higher protein concentration, which also supports the multimolecular reaction of mHiaTD (Aoki et al. 2017) . The assembly reaction of HiaTD, which has longer α-helices than mHiaTD, was also investigated by using SDS-PAGE analysis. The results showed that the assembly kinetics and the rate constant were similar to those of mHiaTD, although the amount of high-molecular-weight aggregates increased ( Fig. 3 ; Table 1 ). Therefore, extended α-helices do not seem to affect either the assembly kinetics or rate constants, although they increased the formation of high-molecularweight aggregation.
The rates of assembly of mHiaTD and HiaTD were accelerated by the addition of NaCl (500 mM), although the amounts of high-molecular-weight aggregates also increased (Fig. 3) (Aoki et al. 2017) . Sato et al. showed that the net charge of the subunit affected the rate of assembly of the ferritin, but remarkably, the net charge effect was only observed at ionic strengths of less than 0.1. However, local electrostatic interactions were important irrespective of the ionic strength (Sato et al. 2016) . Therefore, the rate constant increment of mHiaTD/HiaTD assembly might be caused by local electrostatic interactions. The dominant interaction is considered to be electric repulsion caused by arginine 1077, as described below. The role of electrostatic repulsion in Hia transmembrane domain assembly
The β-barrel of mHiaTD has a unique arginine arrangement (Fig. 1b) . Three arginine groups at the 1077th residue of each of the three subunits of the Hia β-barrel are close to each other and, given that arginine is a positively charged amino acid, repel each another. A mutant in which Arg1077 was replaced with lysin could be reassembled from dissociated and unfolded monomers into the native-like trimer (Aoki et al. 2017) . Furthermore, the reassembly kinetics of the lysine mutant was similar to those of the wild-type mHiaTD, although formation of high-molecular-weight aggregates increased slightly. However, the assembly kinetics of a mutant in which Arg1077 was replaced with methionine showed at least two phases (Aoki et al. 2017 ). In the fast phase, one third of the molecules formed the native-like trimer with a rate that was too fast to allow the rate constant to be determined. Although the amount of trimer increased in the slow phase, the amount of increase is less than 30% in this phase even at 24 h. Furthermore, the CD spectra of the reassembled methionine mutant showed extensive intermolecular β-sheet formation, and the misfolded protein was unfolded by SDS (Aoki et al. 2017) . These results showed that the removal of the electrostatic repulsion led to the formation of misassembled or misfolded protein. Therefore, electrostatic repulsion induced by the proximity of positive charges at residue 1077 is considered to be important in preventing the formation of misassembled oligomer.
The protein stability is related to the energy gap between the native and unfolded state and/or misfolded state (Jahn and Radford 2005) . The greater energy gap is led by the introducing attractive amino acids at position that are in contact in the native state (positive design). Simultaneously, the energy gap also increases by introducing repulsive amino acids at the position that are in contact when proteins misfold or misassemble (negative design). The positively designed contact of amino acids stabilizes a native state protein and lowers the energy of the native state. Whereas, the negatively designed contact of amino acids destabilizes a misfolded/misassembled protein and raises the energy of the misfolded and/or misassembled state. Therefore, the negative design is considered to be important for preventing misassembly (Ma et al. 2010; Richardson and Richardson 2002) .
The electrostatic repulsion at the interface in the native state might occur only during the assembly, but the amino acids caused electrostatic repulsion might be stabilized by the amino acids which have opposite charge or the formation of a hydrogen-bond network (Neves et al. 2012) . Otherwise, preventing formation of misassembled proteins should be more beneficial than destabilization of native oligomers by repulsion at the interface. Taken together, the balance between electrostatic repulsion and attractive interactions might be important for correct alignment of complicated complexes.
Arginine cluster on the interface
The arginine residue has a charged guanidinium group located at the end of a long hydrophobic chain, and the side chain has five hydrogen-bond donors. Whereas the arginine residue is found frequently in protein-protein interface regions, other charged amino acids are not common (Dai et al. 2016; Yan et al. 2007 ). The preferred amino acid in the interface is similar for soluble and membrane proteins (Duarte et al. 2013) . A unique feature of the arginine residue is that the guanidinium group tends to remain protonated when it is sequestered from bulk water and partially buried within protein, unlike other charged amino acids (Harms et al. 2011) , or when it is buried in a membrane lipid (Yoo and Cui 2008) ; the pK a values of other charged residues in an internal protein are shifted and ionizable groups tend to be in the neutralized state (Isom et al. 2008 (Isom et al. , 2010 (Isom et al. , 2011 Stites et al. 1991) . Furthermore, arginine groups tend to be buried in the internal region of proteins because of the low levels of hydration of the guanidinium group (Mason et al. 2003) and because it is able to form five Aoki et al. 2017 hydrogen bonds. These unique features may explain why arginine residues tend to reside at protein-protein interfaces. Ion pairs, which were defined as charged groups separated by a maximum of 4 Å, were analyzed in 38 proteins (Barlow and Thornton 1983) . On average, 29% of charged residues in proteins are involved in ion pairs, which are mostly formed between residues of opposite charge. The arginine on the interface tends to interact with negatively charged amino acids (Dai et al. 2016) . However, a large number of arginine-arginine pairs were identified in protein structures in spite of the ion pair of positive charges (Magalhaes et al. 1994) . Moreover, several unusual arginine clusters were found in the oligomer interface (Neves et al. 2012) . Figure 4 shows examples of arginine clusters, in which arginines are aligned to form a ring. These arginine clusters are thought to be important for protein-protein oligomerization, higher-order assembly, and protein-ligand binding (Neves et al. 2012) . For example, the HIV capsid is composed of approximately 1500 capsid protein (CA) and forms a closed shell. CA can form the hexamer with a sixfold symmetry or the pentamer with a fivefold symmetry, and the capsid is composed of 250 hexamers and exactly 12 pentamers (Ganser et al. 1999; Li et al. 2000) . The hexamer and the pentamer are composed of quasi-equivalent subunits, and they have arginine clusters at the rotation center. A mutant in which the arginine in the arginine cluster was replaced with alanine is thought to form capsids with a different structure that contained an increased number of pentamers (Ganser-Pornillos et al. 2004 ). The arginine cluster might control the formation of pentamer and hexamer structures.
Conclusion
Arginine clusters at the oligomer interface found in several proteins and are thought to be important for protein-protein oligomerization, higher-order assembly, and protein-ligand binding. In particular, the importance of arginine cluster on the protein assembly was indicated by mutational studies of Hia transmembrane domain and HIV capsid protein. For the Hia transmembrane domain assembly, removal of the electrostatic repulsion between arginine residues induced the misassembly (Aoki et al. 2017) . The removal of the electrostatic repulsion in the arginine cluster of the HIV CA protein affected the capsid formation (Ganser-Pornillos et al. 2004) . Fig. 3 Reassembly of HiaTD at a protein concentration of 2.2 μM in 20 mM Tris-HCl (pH 8.0), 0.6% (v/v) C 8 E 4 , and 100 mM/500 mM NaCl. a, c SDS-PAGE of the mHiaTD reassembled in buffer containing 100 mM NaCl (a) or 500 mM NaCl (c) over the incubation time indicated. The reassemblies were initiated by diluting unfolded proteins dissolved in 8 M urea with buffer followed by incubation at 25°C. Lane M corresponds to the dissociated HiaTD, and lane T corresponds to the trimeric HiaTD extracted from the outer membrane of E. coli expressing HiaTD. c, d Change in the fraction of monomer (blue), trimer (red), and misassembled protein that is resistant to SDS denaturation (green) over time. Monomer, trimer, and other bands on SDS gel in a or b were quantified and plotted. The time course data of trimer formation was fitted to the third-order reaction model. The error bars represent the standard error of three independent experiments Therefore, the arginine clusters and probably the electrostatic repulsion by them are thought to be important for the oligomer assembly.
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